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near global optimum set of dispatch actions prepared for either power deficit or power excess. However, an 2 analytical solution to energy balancing may not be possible, due to the random nature of both the loads and the 3 RES-based generators installed in the PC MG. This is a probabilistic constrained non-linear optimization 4 problem. The stochastic nature of certain variables of the dispatches (i.e. RES-based DG units of the PC MG) 5 implies that a specific optimal dispatch may be impossible to realize, due to available power being below the 6 confidence intervals initially assumed. In addition, adding up all balancing actions over a time period can define 7 the average usability of the storage capacity installed, thus informing system planning. In this paper, a data-8 mining technique is proposed; DT has been considered to be the most suitable tool for the dispatch problem, as in 9 [24, 30], as well as for energy storage capacity planning. DTs, unlike other machine learning approaches, can be 0 used as an "off-the-shelf" data mining tool with only two weaknesses: (a) inability to extract linear relations 1 among attributes, (b) poor response to conditions of the problem not present in the LS (low predictive power). 2 The way that the proposed technique is developed and used makes both weaknesses irrelevant [24, 30] . often process data of binary sorting, i.e. True-False, Safe-Unsafe, etc. Each internal node splits the available subset 3 in two parts (children nodes) on a single attribute. If the subset of a child node is pure enough with respect to one 4 of the classes, it is declared terminal, otherwise it is further split. Purity is assumed to be the percentage of "True" 5 elements in the subset. Conventionally, the left child complies with the split criterion of the parent node, e.g. in the 6 DT of Fig. 1 , node 2 includes the subset of the LS for which A1≥8.2 containing no elements classified as "True".
7
A terminal node can be either a leaf (acceptable purity and not split any further) or a dead-end (not acceptable 8 purity and not split any further). For each leaf, the path leading to the root can be written in the form of if-then-9 else statements, which can be used as rules; e.g. the rules given from the DT of highest generalization ability should be selected [33] . This may also apply to the case when several similar 0 LSs can be used to build a DT for the same knowledge problem. 
DT-aided energy balancing methodology for a planned community microgrid 2
The energy balancing methodology will have to prepare schedules covering both for an excess and a loss of 3 power. These two scheduling problems have been previously addressed separately in [34] and [24] . In this 4 paper, the techniques are extended and combined to a single control strategy and adjusted to the specific 5 parameters of a PC MG. Every hour t of the day, two sets of schedules for the hour t+1 will be provided: one 6 for increasing the PC MG total active power (supposing a loss of generation or excessive load have occurred) 7 and a second for reducing it (supposing the DG has been unexpectedly increased or the load was less than the 8 forecasted). The sets of schedules will be the rules extracted by DTs. The framework for the generation of the 9 required LSs will be outlined. proximity to the PC MG) on the basis of the analysis in Section 2. For the PC MG, it is crucial to balance 7 generation and loads when it is forced into islanding from the interconnected power system. Depending on 8 whether the PC MG is primarily a consumer or a producer of active power, part of its loads or part of its 9 generation has to be curtailed, respectively, after its disconnection from the power system, to maintain a 0 seamless operation. 
LS Evaluation of the DT for the planned community microgrid Energy Balancing Provision Schedules 2
The cost of the balancing dispatch for each incident is taken as shown in (1), which is actually the cost 3 function of PC MG; i.e. (1) calculates the revenue from selling power to the loads of the PC MG and any excess 4 to the PS, minus the cost for buying energy from the grid, the operation cost of the units and/or the cost of 5 curtailing loads according to demand response contracts signed with the PC MG loads.
where t+1 denotes the hour-ahead scheduling horizon, ρE, ρR and ρL are the prices of energy, spinning reserve 9 and retail energy, respectively, E is the energy sold/bought by the PC MG to the market, R is the sum of 0 reserves of the DGs of the PC MG, Load is the load served within the PC MG, C represents the cost function of 1 each DG, interruptible load (subscript int) or storage device (subscript str, both charging/bying and photovoltaic generation, but cannot be considered valid for the deviations of wind generation. Combining the 0 above events would constitute the worst case scenario. 1 For each battery storage scenario examined, the costs incurred in order to cover for the various deviation 2 events is given in For the case study examined, the most cost-effective option for covering the load/power deviations in the 7 given framework, is to install a storage system of 600 kWh at a preferred SOC of 70%. A lower SOC provides 8 more available charging-discharging cycles and, thus, a longer battery lifetime. Hence, if the battery lasts for 9 more years, the PC MG owner/operator is paid for more yearly STOR contracts and the cost per kWh is 0 reduced. The best storage capacity for a preferred SOC of 90% would also be 600 kWh. The utilization of the 1 600 kWh storage system was found to be higher than that of the 300kWh. In contrast, the utilization of the 1.2 2 MWh system is limited by the converter/STOR specifications assumed, hence capacity beyond 600 kWh is not 3 really exploited. During the case study it has been observed that:
Hence, it can be concluded that the PC MG may represent a viable and profitable power system entity 1 characterized by consistent operation, while being capable to offer power system support as an active prosumer.
2 However, planning should be performed on a case-by-case basis and according to the installed DG capacity, the 3 requested load and the available national or regional incentives and obligations. These parameters are 4 particularly important for the sizing of a storage system which supports PC MG resilience. Balancing schedules are prepared on an hour-ahead horizon for dealing with stochastic DG and load 8 deviations, during interconnected operation. A special case of such schedules is islanding of the PC MG due to 9 disconnection from the power system. Based on the worst case scenario, where the PC MG consumes more 0 power than it produces, balancing may require a compromise between using storage and load shedding. In this 1 paper, it is proposed that this compromise is carried out through special pricing of the loads; e.g. through 2 bilateral contracts between the PC MG operator and the loads, for emergency events. That way, the pricing 3 itself can promote a more sensible use of loads during emergency situations. Hence, for the test system 4 considered, it is assumed that domestic loads pay the lowest energy price, the landlord and chiller loads are 5 priced as medium-cost customers, while the community centre pays the highest energy prices for its loads.
Balancing load against available storage and DG of a PC MG in the event of islanding

6
Thus, it is more profitable for the PC MG operator/owner to serve critical residential loads, than other loads, 7 e.g. the community centre.
8
The energy balancing methodology was tested against a case of islanding and the initial hourly schedule of 9 the PC MG at the time of the disconnection is given in Table II . A summer profile has been assumed for the 0 DGs of the system, the duration of the disconnection was set to be one hour and the installed storage capacity 1 was assumed to be 300kWh. Nevertheless, the methodology is suitable for any length of interruption and the 2 capacity of installed storage is not affecting the scheduling. The schedules for the five highest levels of 3 profitability are presented in Table III . It can be seen that as the requested level of profitability increases, the 4 methodology allows for more domestic load, while it curtails the community centre load as expected.
5 
Efficiency of the Methodology 8
The question of whether the methodology actually yields effective cost reduction is answered through the 9 evaluation of the efficiency of the DT tool. This approach is adopted, since there may not be an online assessment of 0 the exact amount of balancing, hence a statistical analysis is required. Furthermore, any attempt to increase the size 1 of the LS, in order to extract additional solutions/rules, produces only similar schedules, but no extra ones; i.e. the the above observation, the misclassification rate (mr) of the DT tool will be assessed. Given any random dispatch, a It should be noted that the mr calculates misclassifications also from DT paths that do not represent a rule, i.e. 0 as of Fig. 1 there are two paths describing a rule and one which is not; moreover, rule to node No. "2" is 1 irrelevant to the methodology described (focused to rules classified as "True"). That said, mrr is defined as the 2 mr of misclassifications concerning "True" rules, i.e. misclassifications are only dispatches that are described by 3 "True" rules of the DT, but are "False" according to the LS generating algorithm, and dispatches that are "True" 4 according to the LS generating algorithm, but cannot be described by a "True" rule of the DT. The average mr 5 and mrr for various loading profiles of the VPP islanding scenario are given per profitability level in Table IV .
6 The rate at which the proposed methodology fails to yield expected cost reduction is minimal and is decreased as 8 the requested profitability increases; the latter as of the fact that mr follows information entropy [30].
9
Any standard forecast errors are accounted for through the mr analysis, but considerable deviations should be 0 rectified as discussed in Section 3.2.2 by employing lower profitability rules/schedules, which involve less 1 contribution by stochastic sources and less domestic load consumption. For example, the profitability level of 2 Top-15% of the islanding scenario of Section 4.2.1 (Table III) corresponds to a cost threshold of +0.0845£/kWh, 3 while the Top-20% to +0.0793£/kWh. One of the misclassified (as "True") dispatches at the Top-15% level 4 yields +0.0814£/kWhdue to deviation of the total PV generation from its forecasted value within the 5 confidence interval considered, which is still more profitable than having applied a Top-20% dispatching.
6
Lastly, as of the methodology proposed, the difference between the cost threshold of the near global otpimum 7 profit and the cost threshold of the schedule realized in each case, represents the cost of the forecast error. parallelization of the LS generation process would be required. In this paper, a topology of parallel processors 2 is considered, for realizing the parallelization of the proposed methodology.
3
In a potential field trial of the full proposed PC MG, twenty processors would have been installed; i.e. one for 4 every DG unit and four additional ones for the loads. The proposed PC MG was a realistic representation, but 5 still a hypothetical system, so a proof-of-concept demonstration was set up with four processors (see Fig. 4 ).
The hardware selected was Raspberry Pi boards, as their processing and interface characteristics were 7 considered suitable for the particular trial. The processors in this topology generate the LS proportionally, e.g. yielded identical rules to the ones of Table III , except for minor purity (1-3%) and kW (4-5kW) differences. 5 Each Raspberry Pi required 9 sec to generate 50 elements of the total LS. Executing the whole methodology on there is no loss in performance since the parallel topology is only generating the LS of the DT in a distributed 0 manner, using the same Java code as the centralised topology. Thus, the method is shown to be platform- In this paper, the application of MGs on the particular residential model of PCs has been presented. The benefits 8 of such an approach have been presented. The most important benefit is the maximization of the use of local 9 renewable energy, but also the potential to minimize the operational cost of the PC energy supply through the 0 optimal utilization of local energy resources. Increased network resilience is an additional benefit, especially where 1 energy storage is present. To accomplish the above a novel DT methodology was presented, with a dual purpose:
2
(1) Planning for and sizing the energy storage requirements of the PC MG.
3
(2) Actively balancing the energy of the PC MG within an intra-day horizon. 4 Comparison of the effectiveness of the DT as a machine learning tool against other methodologies has been 5 presented in [30] and is beyond the scope of this paper. The main advantage of the proposed approach against 6 other energy balancing methodologies is that it is flexible, by means of accommodating load and RES 7 forecasting uncertainty and by not producing a fixed dispatch, but a set of rules which if adhered to will lead to 8 increased profit. The effectiveness of the DT methodology for this particular application has been evaluated 9 with a case study. Cost-effective sizing of the energy storage devices has also been determined for the 0 considered case. It was confirmed that the methodology is suitable for determining energy storage 1 requirements, but may also be suitable for other planning studies.
2
The functionality of balancing the studied PC MG has also been evaluated. The DT methodology was found 3 to effectively balance the energy in a PC MG, even in the challenging situation of an islanded PC MG system. 4 Finally, the practical application of the methodology in distributed controllers has been tested, since distributed 5 control may provide additional flexibility and resilience. A method for parallelization of the DT algorithm was 6 developed and validated successfully on trial hardware, proving its feasibility. The work presented in this paper was supported by the Arup Global Research Challenge 2013, through the 9 project titled "Balancing urban microgrids in future planned communities". 0
